1. The mechanism of potassium transport across human distal colon was investigated in twenty-two individuals without evidence of bowel disease, by using a dialysis method in conjunction with measurements of the transepithelial potential difference (p.d.).
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2. Whether potassium was absorbed or secreted depended on its initial concentration in the lumen.
The potassium net flux was approximately zero when the luminal potassium concentration was between 30 and 50 mmol/l.
3. Potassium secretion rate was little affected by sodium absorption rate, or by the luminal sodium concentration or by the osmolality of the luminal solution.
4. Potassium secretion rate was increased by partial substitution of other cations for sodium, in the descending order Li > NH4 > Rb > Na. Potassium concentration increased on average to over 80 m o l l 1 when lithium was in the lumen.
5. The observed transepithelial p.d. was inadequate to account for the intraluminal potassium concentrations attained, the discrepancy being most marked when ammonium or lithium was in the lumen. It is suggested that some potassium is secreted by the epithelial cells and this component of the total potassium flux into the lumen is increased when rubidium, ammonium or lithium is substituted for sodium. duals on a normal diet and not under mineralocorticoid stimulation (Geall, Spencer & Phillips, 1969; Edmonds & Godfrey, 1970) .
In the present report, we describe the results of some further investigations into the mechanism of potassium transport in the distal part of the human colon, particularly to assess the roles of the composition of the solution in the lumen and of the p.d. A preliminary account of some of these observations has been presented to a meeting of the British Society of Gastroenterology (Salas-Coll, Kermode 8c Edmonds, 1975) .
Methods

Subjects
The investigations were performed on three normal volunteer subjects and nineteen patients, aged 22-56 years. None of the patients studied had any evidence of bowel, cardiovascular, renal or hepatic disease. They were not receiving drugs known to affect electrolyte transport and had no evidence of abnormality of fluid or electrolyte metabolism. All individuals were having a diet adequate in sodium and potassium at the time of the experiments and had serum electrolyte values within the normal range. The nature of the procedure was explained and consent was obtained. Most of the experiments were performed on the normal subjects and repeated observations, generally four, were made with each of the nine solutions in each individual, providing a total of 102 observations. One or two of the nine solutions were used with each patient.
Dialysis method and experimental procedure
In the normal subjects, on the day of an experiment the distal part of the colon was rinsed three times with 20 ml of sodium chloride solution (150 mmol/l; saline). A period of 30 min was allowed for absorption of any solution remaining in the lumen before flux measurements were started. With the patients, the distal colon was first inspected through a proctoscope, and if m y faecal contamination was observed the rectum was rinsed several times with the saline solution until the solution was clear. In both groups, the solution to be exposed to the colonic epithelium was contained in a dialysis tube (Visking 8/32), of approximately 7 mm diameter and 8 cm length, mounted on a rubber catheter (3 mm diameter) and filled with about 2.5 ml of one of the test solutions. This method has previously been described fully (Edmonds, 1971) . A length of PVCcoated stiff wire was included in the lumen of the mounting catheter, both to reduce the dead space within and to increase its rigidity, thereby eliminating the possibility of the tube doubling over on insertion. The dialysis tube was then inserted through the anus into the distal colon, so that the distal end of the dialysis tube was located at a distance of 3-5 cm from the anal margin. Insertion was blind in the normal subjects but in the patients the tube was inserted under direct vision through a proctoscope. The dialysis tube was removed after a timed period of 05-2 h. Each tube was weighed immediately before insertion and immediately after withdrawal. It was carefully wiped with soft tissue to remove any traces of mucus or faecal matter before weighing. When faecal contamination was present, the sample was discarded and the experiment discontinued. The dialysis tube, filled with solution, was carried between weighings wrapped in Parafilm and enclosed in a small plastic container. Preliminary trials showed that by this procedure weight loss from evaporation was reduced to a negligible amount. The test solution was then removed from the tube for chemical analysis, and the tube was re-weighed empty to enable the initial and the final weights of solution in the tube to be determined to allow estimation of water absorption. The dead-weight (empty tube) ranged from 5.6 to 6-1 g, the initial weight of solution was typically 2.4 g and the weight loss averaged 10% of this initial weight.
Solutions and chemical analyses
A series of stock solutions was prepared from AnalaR reagents and the test solutions used were prepared from these (see Table 1 ).
Sodium, potassium and rubidium were measured by atomic emission spectrometry and lithium by atomic absorption (Unicam SP. 90 Atomic Absorption spectrophotometer). Samples were diluted 1 : 100 or 1:200 for these measurements and the main resonance lines of the elements were used, except for samples known to contain a mixture of potassium and rubidium. Since resolution between the main spectral lines of potassium (766770 nm) and rubidium (762-795 nm) was inadequate to allow separation of these elements in mixed samples by this method, it was necessary instead to use the subsidiary 
Measurement of potential direreme
Electrical contact with the luminal side of the epithelium was made with a dialysis tube iilled with the appropriate test solution: this dialysis tube was not the same as that used for the flux measurements but was prepared with fresh solution of the same composition. The cannula supporting the dialysis tube was connected via a two-way tap to a syringe containing a calomel electrode in KCl (3 mol/l). A skin reference electrode, consisting of a silver-silver chloride junction in agar (4%)-saline, supported in a Perspex container, was applied to the skin of the outer part of the right thigh, the skin having been previously injected with saline to abolish the skin p.d. (Archampong & Edmonds, 1972 The standard procedure was to measure p.d. only after the measurement of electrolyte fluxes. In some of the initial trials, however, p.d. measurements were made both at the beginning and at the end of the period of exposure but the differences between these were found to be small, rarely exceeding 2-3 mV, except when lithium was present.
Calculations and terminology
Full details of the calculations and the evaluation of the method have been previously described (Edmonds, 1971) . When the tube is in the empty lumen of the distal colon, it is assumed to be surrounded by a thin layer of fluid which lies in contact with the epithelium. Ions and water can diffuse across this layer into the epithelium and then be transported away by the blood. Ions, water and other substances will also flow in the opposite direction. The thin intermediate fluid layer is assumed to behave as a compartment of very small capacity. Provided that the dialysis membrane is very permeable to the substance under investigation and that the epithelium is considerably less permeable to it, then the concentration of the substance in the intermediate fluid layer will rapidly approximate to its concentration in the tube. Once this steady state has been reached, the dialysis membrane can be ignored and any change in the amount of substance in the tube will depend only on the rate at which it crosses the epithelium. These assumptions of the method are supported both by direct proctoscopic observations, which show that the tube lies in contact with the epithelium in the empty distal colon, and by the reproducibility of repeated measurements (Edmonds, 1971) .
The fluxes given in the present paper have been expressed in relation to the surface area of the dialysis tube. For a tube of length 8.0 cm, the mean surface area was calculated to be 17-3 cm2 from the average value of the measured initial weight of solution in the tube, assuming this solution to form a cylindrical annulus around the mounting catheter.
The equation used for calculating ionic fluxes was:
where J,, is net flux across unit area of the tube (nmol min-' cm-2), V is the volume of fluid in the tube (ml), C is ion concentration (mmol/l), t is time of exposure (min) and A is surface area of tube (an2)).
The subscripts 0 and t refer to the initial and final values respectively. The sign convention employed is absorption as positive and secretion as negative.
In the normal subjects, in whom most experiments were performed, a 2 h period of exposure of the dialysis tube in the distal colon was always used but with the patients, for convenience, the period was reduced to 0.5 h. The consistency of repeated measurements was good, the coefficient of variation between these being +15% in a previous study (Edmonds, 1971 ) and estimated as +17% for the present results from the normal subjects.
In compiling the results for the three normal subjects, the mean value and its standard error were calculated for each individual from the repeated measurements with each test solution, and then an overall mean value was calculated from the three individual mean values and this result has been quoted together with its associated standard error. The statistical significance of differences was assessed by using Student's t-test, with the overall mean value and its error, or by analysis of variance.
Results
Changes in potassium and sodium concentrations in solutions within the distal colon
When a solution is placed in the distal colon for several hours progressive changes in concentration occur, depending not only on the processes of absorption and secretion of electrolytes but also on the amount of water movement. In preliminary experiments, we examined these changes by removing the tube at intervals, evacuating the contents for analysis and refilling with a new solution freshly prepared in approximately similar composition to that removed. The results of such an experiment in a normal individual are shown in Fig. 1 . After 1 h exposure in the distal colon of a dialysis tube containing initially a solution of composition Na+ 145 mmol/l, K+ 5 mmol/l and C1-120 mmol/l, the sodium and potassium concentrations were determined. A fresh solution was then prepared of this new composition, with chloride reduced as necessary, bicarbonate kept constant at 30 mmol/l and mannitol added to maintain isotonicity. The new solution was then placed in the distal colon for a further hour. The procedure was repeated for a total time of 6 h, the same volume of solution being placed in the distal colon at the beginning of each period. Water absorption occurred but the amount absorbed during the hour was usually no more than 5% of that present. The potassium concentration rose during the exposures but, after the fifth hour, was increasing only slowly. In three subjects studied in this way, the final potassium concentration after 6 h ranged from 28 to 37 mmolll. The sodium concentration fell considerably. At the end of 6 h it had reached a value similar to that of potassium, its value ranging from 22 to 36 mmol/l.
Variation ofpotassium secretion and of sodium absorption with luminal sodium concentration
A set of solutions (I, 11,111, IV, Table 1 ) was prepared with a constant potassium concentration of 30 mmol/l, constant anion concentrations of C1-120 mmol/l and HC03-30 mmol/l, and sodium concentration varied over the range 10-120 mmol/l. These solutions were used to study the relationship between luminal sodium concentration and potassium transport. Observations on the normal subjects involved a 2 h exposure of each solution in the distal colon (Fig. 2) . Although there were considerable group of patients, but with thetubeinthedistalcolon for a 30 min period (Fig. 3) . In this group again no significant change (P>O.O5) in potassium secretion rate with changing sodium concentration was demonstrable by analysis of variance.
Both groups of subjects provided evidence that potassium secretion rate was independent of luminal sodium concentration over a wide concentration range, although appreciable changes in sodium absorption occurred over this range. In both normal subjects and patients the potassium secretion rate was lowest at the lowest luminal sodium concentra- tions (10 and 20 mmol/l), but this pattern was not established as statistically significant.
Relationship between net potassium movement and luminal potassium concentration
To investigate the dependence of net potassium flux on the luminal potassium concentration, flux measurements were made with a further series of solutions, of various potassium concentrations. In the three normal subjects, the solutions used (11, V, VI, Table 1 ) contained constant sodium concentration (50 mmol/l) and constant anion concentrations, but potassium was varied between 30and lOOmmol/l.
The changes in potassium concentration during a 2 h exposure in the distal colon are shown in Table 2 for each of the normal subjects. When the initial luminal potassium concentration was 30 mmol/l, it increased significantly during the exposure (P < 0.05). Potassium concentration generally decreased in the solutions of higher initial potassium Concentration. On the assumption of a linear relationship between net potassium flux and luminal potassium concentra- tion, estimates were made by regression analysis of the luminal potassium concentration at which the net potassium flux was zero (Fig. 4) . These estimates showed appreciable variation between individuals, the values for the three normal subjects being 35, 54
and 33 mmol/l (subjects A, B and C respectively).
A similar series of measurements was made in the patient group, with solutions of potassium concentration between 5 and 80 mmol/l, with sodium either 50 or 100 mmol/l and anion concentrations constant at C1-120 mmol/l and HCOJ-30 mmol/l, and with a dialysis tube exposure time of 30 min (Fig. 5) . The net potassium flux correlated well with the luminal potassium concentration (r = 0.931, P<O.001), and indicated a luminal potassium concentration of 45 k 2 mmol/l as that at which the net potassium flux was zero.
Eflect of direrent Iuminal cations on potassium secretion
A further set of experiments was performed in the three normal subjects, with solutions of constant potassium (30 mmol/l) and constant anion concentrations and with the addition of other cations (solutions I, IV, VII, VIII, IX, Table 1 ) exposed in the distal colon for 2 h. There was a small increase in potassium concentration when either choline or sodium was in the lumen (Table 3 ) but potassium concentration rose to a greater extent in the presence of rubidium (P < 0.05) and to a considerably greater extent with either ammonium (P <0-001) or lithium (P <0.001) in the lumen. Only slight secretion of 
Efect of osmoIality of the Iuminal solution on water movement and on net potassium flux
Experiments were also performed on three individuals to investigate the effect of water movement 
on ~~i~
Hypotonic (188 mmmolll), isotonic (285 mosmol/l) and hypertonic (440 mosmol/l) solutions were the luminal solution in each case contained NaCI, 20 mmol/l, KCI, 30 mmol/l, and mannitol was added to obtain the required osmolality. The results are shown in Fig. 7 . Although water movement was altered considerably, passing from secretion with the hypertonic solution to absorption with the isotonic and hypotonic solutions, there was no significant effect upon potassium secretion (P r 0.8).
EIectricaI potential differences
In the three normal subjects, the p.d. was found to range from -30 to -40 mV (mean -35 mV) in all solutions except that containing lithium. In the nineteen patients, the p.d. ranged from -25 to -52 mV (mean -38 mV). In all, the lumen was negatively charged with respect to the serosal side. Studies in the normal subjects showed that the p.d. was not significantly affected (P > 0.2) by varying either the potassium or the sodium concentration over the ranges employed in our experiments (sodium 10-120 mmol/l ; potassium 30-100 mmol/l). However, when lithium was substituted partially for sodium, the p.d. became more negative by 10 f 1 mV, but with rubidium and ammonium no significant changes were observed. It was found in addition that the movement of water in either direction across the epithelium, dependent on the osmolality of the luminal solution, did not affect the p.d.
Discussion
Intraluminal potassium concentration and p.d.
The present results are in agreement with those found in perfusion studies of the whole colon in showing that potassium can be secreted by colonic mucosa (Levitan et al., 1962; Duthie & Atwell, 1963; Devroede & Phillips, 1969) . In our experiments the potassium concentration of the luminal solution was usually observed to rise considerably above that of serum. When, however, the initial concentration was high, potassium concentration usually fell during the exposure, indicating that the potassium movements were bidirectional. These experiments also showed that when the luminal potassium concentration was between 30 and 50 mmol/l the net flux was approximately zero. These values are appreciably greater than would be expected from electrochemical forces. If a passive diffusion distribution alone accounted for the potassium concentration developed within the lumen, then from the Nernst equation an estimate of this potassium concentration could be made. plays an important part in the rise of intraluminal potassium concentration in the distal colon, other processes must also be involved.
The estimates of potassium concentration associated with zero net potassium flux that we observed are higher than those obtained from wholecolon perfusion studies (Fordtran & Dietschy, 1966; Giller & Phillips, 1972) , but comparison is difficult as there is a major difference in methodology. In particular the results obtained from perfusion of the whole colon predominantly reflect the functions of the proximal colon rather than the distal colon. Ionic fluxes and water absorption are considerably greater in the proximal colon and readily demonstrable in perfusion studies. In the distal part of the colon and rectum, however, perfusion experiments failed to show significant function (Devroede & Phillips, 1970) but this is readily demonstrable by the dialysis method (Edmonds, 1971) . Although the distal part of the colon transports much less than the proximal colon in absolute terms, it is capable of creating considerable ionic gradients. As the present experiments were carried out on the distal part of the colon only, it is not surprising that the results should differ from those obtained from wholecolon perfusion.
Effect of inlraluminal cations
In the experiments in which the sodium concentration was varied, the amount of sodium absorbed generally considerably exceeded the amount of potassium secreted. Furthermore potassium secre tion appeared to be independent of sodium absorption rate and of luminal sodium concentration over much of the range explored. Thus there was no evidence under normal circumstances of any direct exchange of potassium for sodium. Where the luminal sodium concentration was very low, there was some suggestion that potassium secretion was reduced but the effect was small. When, however, sodium was replaced by rubidium, ammonium or lithium there was a marked rise in the secretion rate of potassium. An alteration of p.d. did not a p e to account for the increase of potassium secretion, for, with rubidium and ammonium, p.d. was unaltered and with lithium the rise of p.d. was small. The iiicrease of luminal potassium concentration when lithium was placed in the lumen was remarkable, reaching over 80 mmolll in 2 h. This was very much greater than expected from the p.d., implying that a considerable amount of potassium was being added to the lumen other than by simple diffusion from the extracellular fluid. The amount of lithium absorbed during the period of exposure was nearly twice as great as the potassium secreted, so that, although potassium appeared to be secreted in exchange for the lithium, the exchange was not on a one to one basis. This effect of lithium is in contrast to what has been observed in rats, in which lithium has little effect on potassium secretion but considerably increases the sodium flux into the lumen (Dolman & Edmonds, 1976) .
With all the cations placed in the lumen of the colon, there was evidence of a considerable excess of cation absorption over potassium secretion (Fig. 6) . Studies currently in progress have, however, shown that considerable chloride absorption also occurs. It is likely therefore that a large proportion of the absorbed cation is accompanied by chloride absorption from the lumen, with the ions probably moving passively under the influence of the electrochemical gradient by way of intercellular paths rather than transcellularly. In addition some absorption of rubidium, ammonium and lithium appears to be associated with enhanced potassium secretion. We have no explanation at present for the observed order of effectiveness of cations in promoting potassium secretion, namely, Li > NH, > Rb > Na.
Origin of secreted potassium
It appears therefore that some of the potassium secreted into the lumen, when sodium-containing solutions are present, is derived from sources other than from diffusion across the epithelial layer due to the electrochemical gradient. Further, when lithium, and to lesser extent rubidium and ammonium, are in the lumen, this non-diffusion component is considerably increased. The question of the origin of this component arises. Kinetic experiments on rat colon have suggested that in addition to potassium crossing the epithelium by shunt pathways, which may be analogous to those described in small intestine and other tissues (Cereijido & Rotunno, 1968; Frizzell & Schultz, 1972) , a portion of the potassium entering the lumen is derived from the epithelial layer (Barnaby & Edmonds, 1969) . The latter could be associated with mucus secretion and cellular desquamation or represent secretion of potassium by the epithelial cells.
Human colonic mucus contains a concentration of potassium of 37 4 ,umol/g (Giller & Phillips, 1972) and must make some contribution. The amount of potassium released by cellular desquamation is small. Taking the replacement time of the colonic epithelium as 3 days (Lipkin, Bell & Sherlock, 1963) , and the cellular potassium content as about 3 pmol/cm2 (Edmonds, 1969; Lockwood, Harris & Clark, 1971) , then the potassium contribution from the desquamated cells would be only about 0-7 nmol min-' cm-l. It seems probable therefore that some potassium is secreted directly by the epithelial cells.
The effects of rubidium, ammonium and lithium in stimulating potassium secretion are unlikely to be explained by increased cellular desquamation since this would need to rise many-fold to account for the observed increase in secretion. For example, with lithium it would need to rise fiftyfold. Neither did increased mucus secretion seem the likely explanation as there was no evidence of an excess of mucus on withdrawing the dialysis tubes. A possible toxic effect of these cations on the mucosa cannot be eliminated but is improbable in view of the maintenance of the p.d. and the sodium-absorbing mechanism. We therefore conclude that the increased potassium secretion results from augmented cellular secretion.
Faecal potassium
Potassium concentrations observed in faecal water (Wronger al., 1965) are appreciably higher than have been found to develop during colonic perfusion studies or than we found to be developed in the distal colon when sodium-containing solutions were in the lumen. Several factors may account for the discrepancy. First, ammonium is also present in the faecal water and, as we have demonstrated in the present work, ammonium will increase the potassium flux to the lumen, raising the intraluminal concentration. Secondly, the solid material of the faeces con-tains potassium and the release of part into the faecal water as the material progresses through the gut will also tend to raise the potassium concentration in the faecal water. At present, however, it is not possible to evaluate the extent of this contribution.
It is concluded therefore that the relatively high potassium concentration in the faecal water is developed partly as a result of passive diffusion of potassium into the lumen, resulting from the electrochemical gradient, and partly from the release of potassium from the epithelial layer, the latter being considerably enhanced by the presence of certain ions, for example ammonium, in the lumen. In addition, an indeterminate and probably very variable amount of potassium is contributed by mucus secretion, potassium released from desquamated cells and potassium released from the solid component of the faeces.
